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Abstract 
 
Pollution issues and environmental concerns have led to the development of various air 
purification technologies. Nitrogen dioxide NO2 is one of the toxic gases in the atmosphere that 
is corrosive; it causes severe damage to materials, even at low concentrations. Research on the 
adsorption of this gas at atmospheric pressure and ambient temperatures is uncommon because 
of limited industrial applications. The thermal stability and microporous nature of Zirconium-
based Metal Organic Framework (Zr-MOF) UiO-66 and UiO-67 make them good candidates for 
metal or amine decoration. The objective of this work was to investigate the effect of metal or 
amine doping (direct synthesis) on the textural properties and adsorption capabilities of UiO in 
both moist and dry conditions. The samples were characterized before and after exposure to NO2 
by X-ray diffraction, scanning electron microscopy, N2- adsorption at 77K, thermal analysis, and 
infrared spectroscopy. The results indicate the importance of the dopant in the NO2 removal 
process. Favorable interactions between the dopant (incorporated in the MOF) and NO2 are 
exhibited in either condition depending on the chemistry of the dopant. These interactions result 
in the formation of nitrate and nitrite species. Moreover, organic ligands also contribute to NO2 
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New hybrid cerium modified zirconium based MOFs were synthesized. The as received 
materials were evaluated as adsorbents of NO2 either in moist or dry conditions. The surface of 
the initial and exhausted samples was characterized using XRD, SEM-EDX, nitrogen adsorption, 
thermal analysis, and FT-IR. It was found that the addition of Ce
+3
 slightly affects the growth of 
the framework and introduces new features to  Zr-MOF. The shapes of the octahedral crystals are 
changed and they are interwoven with rod flake-like sheets. The extent of the interconnection, 
and thus the extent of the hybrid MOF formation depends on the Zr to Ce ratio. The alterations in 
the surface chemistry and texture are reflected in the amount of NO2 adsorbed. The narrow pore 
channels present in these new materials enhance adsorption in either moist or dry conditions. The 
amount of NO2 adsorbed on the Ce-doped MOF increases over 25% in dry conditions in 
comparison with the unmodified MOF. Exposure of Ce-UiO-66 to NO2 results in a development 
of porosity.  Regardless the conditions, the XRD patterns indicate the stability of this new hybrid 
MOF upon NO2 adsorption. Interactions of NO2 with MOF result in the formation of nitrate and 
nitrite species associated either with metals or with organic ligands.  
1.2 Introduction 
Pollution issues and environmental concerns have led to the development of various techniques 
of air purification. Whether it is the abatement of the environmentally detrimental gases from 
source or their removal from air via adsorption processes, a scarcity in diverse and efficient 
materials continues to exist. The toxic gases of the NOx family present in the atmosphere consist 





level of toxicity than NO. It is corrosive and causes a severe damage to materials, even at low 
concentrations. 
Metal organic frameworks (MOFs) have become extensively studied in the field of gas 
separation. Not only do MOFs have high specific surface areas and porosity, but they also have 
interesting and tunable topologies. Owing to the scarcity in renewable sources of energy, the 
studies on these crystalline porous networks have primarily focused on their ability to store 
hydrogen for energy usage 
1-5
. The synthesis of MOFs involves many metals and organic linkers 
leading either to the formation of an acidic or basic crystalline porous MOF network. Such 
diversity of approaches allows researchers to tailor the chemistry of their MOF, for specific 
applications. For instance, Mg-MOF-74, a basic MOF, was shown to have high affinity for CO2 
and CH4 adsorption  
6




By using the same ligand and varying the metal centers cavities of various shapes are obtained, 
which change the porosity of the final products. For example, Saha and coworkers reported the 
synthesis of four different MOFs from a BTB ligand and four trivalent metals (Al, Cr, Fe, Ga). 
They stated that the amount of hydrogen stored decreased in the following order Cr >Al >Ga>Fe 
8
.  
Even though MOFs have been considered as separation/storage media for H2 and other non toxic 
gases, their properties have made them also useful candidates to host toxic molecules harmful to 
the environment. A basic MOF MIL-53(Al) was used for the separation of CO2 and H2S from 
biogas 
9
. The acidity as well as additional properties such as a high specific surface area and 





Å pore width ) have been shown as important features for the efficient removal of NH3 at various 
pressure ranges 
10
. Petit and Bandosz performed extensive studies on the reactive adsorption of 
ammonia on HKUST-1 and graphene composites 
11-13
 as well as on MOF-5 hybrids with graphite 
oxide 
14, 15
. HKUST-1 was  indicated as a diverse  reactive adsorbent for acidic gases (H2S and 
NO2) 
16
. In these adsorption processes, however,  the MOF structure is severally destroyed 
16
 
which gives concerns to its reusability, and is thus the main drawback for this particular 
application. 
Recently, a new MOF UiO (The University of Oslo), UiO-66 and UiO-67, were synthesized and 
showed high chemical and thermal stability 
17
.  Previously, we have shown the performance of 
these zirconium-based MOF as adsorbents of NO2 at ambient conditions 
18
. The diversity in the 
adsorption capacity of these materials were linked to the presence of different ligands, 
determining the textural properties of the materials. The large ligand 4,4’- biphenyl-dicarboxylic 
acid, BDPC,  present in UiO-67 results in a greater specific surface area and pore size than those 
of UiO-66, where BDC, benzene-1,4-dicarboxylic acid, is present. UiO-67 favored the retention 
of NO2 in the presence of moisture, while similar adsorption performance in dry conditions was 
observed for both  UiO-66 and UiO-67. NO2 dissolved in the water film formed HNO3, which 
enhanced the NO2 adsorption capacity of UiO-67 under humid conditions by the nitration of the 
biphenyl rings present in BDPC.  
Several studies have focused on studying the effect of introducing foreign metals of various 
oxidation states in the MOF framework on gas adsorption 
19-22
. It was concluded that doping of 
metals in the MOF framework increases a gas uptake by providing additional sites for 
adsorption.  For example doping of MIL-53(Al) with a suitable amount of Li
+
 enhanced the 
adsorption of H2 molecules from 1.66 wt % to 1.84 wt % 
23






cations to IRMOF-14 increased hydrogen adsorption at ambient temperatures 
24
. Chu and 






 and revealed that 





cations incorporated into MOF have also been shown as positively affecting CH4 and CO2 
separation 
26
. Even though numerous studies have been focused on applications of MOF for 
energy storage, the implication of doping cationic species in MOFs has not been extensively 
studied for toxic gas adsorption.  
 In this paper we introduce new Ce (III) doped Zr-MOF as adsorbents of NO2 at ambient 
conditions. The surface chemistry and textural features of these Ce (III)-doped Zr-MOFs are 
analyzed and linked to their adsorption performance in both moist and dry conditions. Not only 
should the incorporation of Ce
+3
 species provide the well- known redox phenomenon 
27, 28
, but 




1.3a Materials  
All chemicals (DMF (N,N- dimethylformamide 99%), BDC (Benzene-1,4-dicarboxylic acid, 
98.9%),  BDPC (4,4’-biphenyl-dicarboxylate 98.9% ), DCM ( dichloromethane (99%), 
(Zirconium tetrachloride (ZrCl4) ) and (Cerium trichloride heptachloride (CeCl3.7 H2O)) were 







1.3b Synthesis of Cerium-doped Zr-MOF 
The synthesis of Zr-MOFs was carried out following Ref. [12]  with some amendments 
18
. UiO-
66(Zr) was prepared by dissolving (10 mmol) of zirconium tetrachloride, ZrCl4 and BDC (10 
mmol) in 250 mL of DMF. A stoichiometirc ratio of  Ce:Zr  was 1:1. CeCl3 and ZrCl4 were used. 
Cerium trichloride heptahydrate (10 mmol) was stirred in DMF (50 mL) and then the CeCl3 
solution was transferred into the ZrCl4 /BDC solution and stirred for an additional half hour. In 
the next step the reagents were transferred to a 500 mL round bottom flask, and 50 mL of DMF 
was added. The system was heated at 120 °C under shaking for 24 hr. A resulting white product 
was filtered off, washed with DMF, to remove the excess of an unreacted organic linker, and 
immersed in a dichloromethane solution for a solvent exchange. The sample was again filtered 
and dried at 110°C under vacuum for 24 hours. The same procedures were followed for the 
synthesis of UiO-67, but BDPC was used as an organic linker. The as synthesized hybrid 
materials are referred to as Ce-UiO-66 and Ce-UiO-67.   
 
1.3c NO2 breakthrough capacity 
The NO2 breakthrough capacities were measured in a laboratory-scale, fixed-bed system, at room 
temperature, in dynamic conditions.  In a typical test, 1000 ppm NO2 in nitrogen diluted with air 
went through a fixed bed of an adsorbent with a total inlet flow rate of 225 mL/min. The 
adsorbent was well mixed with 2 mL of nonreactive glass beads (diameter 0.5-1 m) to a 
homogenous bed and well packed into a glass column (internal diameter 9 mm). The 
concentrations of NO2 and NO in the outlet gas were measured using an electrochemical sensor 
(RAE Systems, MultiRAE Plus PGM-50/5P). The adsorption capacity of each adsorbent was 





breakthrough curve. The tests were conducted in both moist (relative humidity 71.0%) and dry 
conditions by diluting NO2 with air. The measurements were stopped at the concentrations of 
NO2 and NO of 20 ppm and 200 ppm, respectively (the limits of the gas sensors). After the 
breakthrough tests, all samples were exposed to a flow of carrier air only (180 mL/min) to 
evaluate the strength of NO2 adsorption. The suffix –ED is added to the name of the samples 
after exposure to NO2 in dry conditions, and –EM for samples after exposure to NO2 in moist 
conditions. 
1.3 d Characterization  
Surface pH 
The samples were first dried, then a 0.2 g sample of dry adsorbent was added to 10 mL of 
deionized water, and the suspension was stirred overnight to reach equilibrium. Then the pH was 
measured using Fischer scientific, Accumet Basic pH meter.    
Adsorption of Nitrogen 
Nitrogen isotherms were measured at –196 
o
C using an ASAP 2010 (Micromeritics). Before each 
analysis initial and exhausted samples were dried and degassed at 120 
o
C. The surface area, SBET, 
the total pore volume, Vt, the micropore volume Vmic, (calculated from the t-plot), and the 
mesopore volume, Vmes, were calculated from the isotherms. Pore size distributions were 
calculated using density functional theory. 
SEM-EDX analysis  
Scanning electron microscopy (SEM) and electron-dispersive X-ray (EDX) spectroscopy were 
performed on a Zeiss Supra 55 instrument with a resolution of 5 nm at 15 kV. For EDX 
spectroscopy, the analysis was done at magnification 1.6K and 3.7K. The contents of elements 





Analyses were performed on a sample powder previously dried. For some samples, a sputter 
coating of a thin layer of gold was performed to avoid specimen charging.  
ICP 
The evaluation of the cerium content was done using Atomic Absorption Spectroscopy (ICP) at 
Asbury Carbon (Asbury, NJ). 
 
XRD 
To obtain crystallographic structure of the materials XRD was employed. Using standard powder 
diffraction procedures, the adsorbents (fresh, and exhausted) were ground with DMF in an agate 
mortar, smear mounted onto a glass slide, and X-ray diffraction was measured on a Philips 
X’Pert X-Ray diffractometer using CuKα radiation with a routine power of 1600 W (40 kV, 40 
mA) 
Thermal analysis 
Thermogravimetric (TG) curves and their derivatives (DTG) were obtained using a TA 
Instruments thermal analyzer, Q600. The samples (initial and exhausted moist and dry) were 
previously dried in oven at 100 °C to remove moisture and then heated up to 1000 
o
C, with a 
heating rate   10
 
°C/min under a nitrogen flow of 100 mL/min.  
FTIR 
Fourier transform infrared (FTIR) spectroscopy was carried out using a Nicolet Magna-IR 830 
spectrometer using the attenuated total reflectance method. The spectrum was generated, 








1.4 Results and Discussion  
For the sake of clear discussion, some results from our previous work addressing UiO-66 and 
UiO-67 
18




on the final 
properties of the modified MOF frameworks and on their adsorptive performance.  
 
The XRD patterns for the UiO series with and without the incorporation of Ce (III) are shown in 
Figure 1. The main diffraction peaks specific to UiO-67 and UiO-66 are clearly visible for the Ce 
doped materials 
30-32
. This indicates that the incorporation of Ce
+3
 does not totally alter the 
crystal growth of the UiO units. On the diffraction pattern for Ce-UiO-67 the position of the 
most intense peak at around 2θ= 5.8° is slightly shifted to a higher angle. Moreover, the 
incorporation of Ce
+3
 leads to a decrease in the intensity of peaks at 2θ 10° and 20° and the 
baseline for the latter peak at 2θ=20°  flattens. New and distinct peaks are revealed on the 
diffraction pattern for Ce-UiO-67 and they show the structural effect of the incorporation of Ce
+3
 
in the Zr-MOF matrix. They might correspond to the presence of several Ce species, such as 
Ce(OH)3, Ce(CO3)3 and CeO2 
33, 34.  It is hypothesized that these new features are the results of 
the interactions of Ce with the Zr-O center or the organic linker via π-complexation or a 
chelation process. Moreover, it is possible that Ce
+3
 is also a site of a crystal growth. For Ce-
UiO-66, minute changes are observed on the X-ray diffraction pattern in comparison with that of 
UiO-66. Nevertheless, some of the peaks characteristic for the latter sample decrease in their 
intensity or completely disappear and the most prominent change is observed at the small 
diffraction angles  (2θ= 9.9°).  The results suggest that different chemistries of the ligands have 
marked effects on the  extent of the structural alterations caused by Ce (III) doping into UiO-66 






The effects of Ce (III) doping on the morphology of the UiO materials was further investigated 
and the SEM images of the parent and Ce-doped UiO samples are presented in Figure 2. Here 
significant differences in a morphology as well as in a crystal structure are seen when compared 
to the parent UiO materials, for which the crystals exhibit octahedral shape  (Figure 2A and 2D). 
After doping the crystal shape and geometry change. The particles are agglomerated round flake-
like sheets and it appears that if there still are well-defined crystals they are either covered or 
interwoven with the round flake-like units. Doping with Ce
+3
 either inhibits the complete Zr-
MOF growth, or disturbs the interactions between the Zr-metallic centers and the organic 
ligands. Moreover, cerium can be also the metallic center binding with ligand. Perhaps, the 
semicrystalline flake-like sheets are hybrids of Ce-MOF and Zr-MOF. This hypothesis is 
supported by the fact that the overall XRD patterns for UiO are preserved. The extent of 
agglomeration is more pronounced for Ce-UiO-67, where the greater changes in the XRD 
patterns are visible as compared to that of Ce-UiO-66. It is interesting to note that the particles in 
Ce-UiO-66 seem more flake/sheet-like than those present in Ce- UiO-67. 
 
The elemental maps for the different UiOs doped with cerium (III) are presented in Figure 3. The 
surfaces of  doped UiO-66 and UiO-67 are composed of oxygen, zirconium, and cerium. It is 
observed that in both Ce-UiO-66 and Ce-UiO-67, cerium (III) seems to be favorably linked to 
the zirconium containing crystals present in these MOFs. This metal is evenly distributed on the 
surface of both materials.  An interesting observation is a marked association of cerium with 





materials and further supports our hypothesis of a partial growth of Ce-MOF crystals either 
within or on the external corners of the Zr-MOF framework. 
 
 Even though the ratio of Zr to Ce was kept constant during the synthesis, different effective 
chemical compositions are detected by EDX analysis. Apparently, the ratio of zirconium to 
cerium  seen on the surface is lower in Ce-UiO-66 (Zr/Ce=8) than that in Ce-UiO-67 
(Zr/Ce=46). Thus non-coordinated cerium species were washed away during filtration and this 
process was much more pronounced for the latter sample. The high content of cerium in Ce-UiO-
66 can be linked to the presence of a hybrid of Ce-MO/ Zr-MOF structure seen on SEM images 
of this material where a favorable dispersion of cerium with oxygen containing species was 
found. The ICP analysis of chemical composition follows the trend observed on EDX maps. The 
content of cerium in the ashed Ce-UiO-66 and Ce-UiO-67 is 13.3 % and 7.09 %, respectively. 
 
Additional information on the effect of Ce (III) doping on UiO chemistry is provided by the FT-
IR analysis. The spectra for MOFs with and without cerium (III) doping are presented in Figure 
4. Predictable peaks in UiO-67 representing the different vibrations and stretching of the 
functional groups present in the BDPC ligand appear. The vibrations of the carboxylate groups 
present on the linker BDPC are seen at 1290 cm
-1
 and 1430 cm
-1
, and 1600 - 1640 cm
-1 18, 35
. 
Even though, the incorporation of cerium into the UiO-67 framework is not clearly seen on its 
FTIR spectrum, nonetheless, a small band at 1650 cm
-1
 appears.  Moreover, a slight change in 
the band at 650 cm
-1
 is observed. This band is linked to the interactions of Ce
+3
 with the carbon 
moiety (COOH) in the BDPC ligand. For UiO-66 the weak band around 1650 cm
-1 
represents the 
stretching vibrations of C=O in the carboxylic acid present in BDC 
32





representing the O-C-O asymmetric stretching in the BDC ligand are seen around 1600 cm
-1
. The 
small bands at around 1540 cm
-1 
represent the typical vibration present in a C=C of a benzene 
ring, while the more intense bands around 1400 cm
-1
 is linked to the O-C-O symmetric stretching 
in the carboxylate group of the BDC ligand 
18
. The C-H vibration in the BDC ligand is  visible at 
780 cm
-1
 and 810 cm
-1
. Small broad bands at around 710 cm
-1
 are a result of the OH bending, 
C=C stretching and OCO bending in the BDC ligand 
36
. Unlike the minimal spectral changes 
seen in UiO-67 doped with Ce (III), the effect of cerium incorporation is clearly visible in Ce-
UiO-66, where a new band at about 1645 cm
-1 
is revealed. We relate its presence to the metallic 
coordination of Ce
+3
 species with the carbonyl group (C=O) present in the BDC ligand. 
Additional small changes in the overall spectra for Ce-UiO-66 are also seen at lower wave 
numbers. They are due to the Ce-O stretching and Ce-O-C vibration in the MOF 
37
. They 
indicate the formation of Ce-MOF or hybrid Ce/Zr-MOF as a result of cerium interactions with 
the BDC ligands. 
 
The effect of the Ce (III) incorporation to the MOF framework is clearly visible in the 
parameters of the porous structure calculated from the nitrogen adsorption isotherms (Table 1). 
The N2 isotherms (not shown here) indicate the microporous nature of our materials. A marked 
increase in the surface area and the development of porosity are a result of Ce (III) doping into 
the MOF (UiO-66/67). The surface area of Ce-UiO-67 and its total pore volume increased more 
than 67 % and 60 %, respectively, in comparison with those of UiO-67. Interestingly, a detected 
increase in the micropore volume is only about 15%. An increase in the surface area and pore 
volume of about 16 % and 9 %, respectively is also found for Ce-UiO-66. An increase in the 





in the surface area and porosity between UiO-66 and UiO-67 is the result of the different ligand 
size and it was discussed in details elsewhere 
18
. The dramatic increase in the surface area and 
pore volume for Ce-UiO-67 must be the result of the presence of the crystal defects/ new phase 
formed owing the cerium doping. Even though this process applied to UiO-67 apparently results 
in the formation of the high volume of mesopores, which are likely small in sizes since the 
increase in the surface area is very significant, the small change in the micropore range can be 
the result of cerium binding to free carboxylic ligands. This might result in the formation of 
chelates and the restricted access of nitrogen to the MOF cages. It is also possible that Ce
+3
 
creates subnanometer particles deposited within the structure of the parent MOF. The effect of 
cerium on the porosity of Ce-Ui-66 is less visible owing to the limitation in the numbers of 
carboxylic groups available for reactions with metal cations. 
 
The impact of Ce
+3 
incorporation into the MOFs structure and chemistry should affect the 
adsorption/reactive adsorption performance of these materials in the process of NO2 separation 
from ambient air in both moist and dry conditions. The measured NO2 breakthrough curves and  
desorption curves are shown in Figure 5. The breakthrough curves reveal several steps. These 
steps must be related to the changes in the surface chemistry and/or porosity, which affect the 
dynamics of NO2 adsorption process. Taking into consideration that there was no sign of a 






.  It is 
likely that Ce
+3
 is oxidized by NO2 and by the creation of Ce
+4
 more active sites for binding NO2 
are formed on the surface. This effect is clearly seen for Ce-UiO-67 and for Ce-UiO-66 only 
small changes in the “normal” shape of the UiO-66 breakthrough curves are detected in dry 
conditions 
18





exposed to NO2. Thus the presence of moisture facilitates the changes in the framework 
chemistry.  
 
The influence of the Ce
+3
 doping can be also seen in the NO release curves (Figure 6). 
Comparing these curves to those for the parent MOFs, it is found that the most noticeable 
changes are visible for Ce-UiO-67 EM and Ce-UiO-66 EM. In the former case, the duration of 
the experiment to reach the sensors upper limit doubles compared to other samples, while in the 
latter case, the duration of the experiment decreases 33 % 
18
. Thus the presence of water limits 
the amount of NO released, when unoccupied cationic species are present in the MOF.  
 
The NO2 breakthrough capacities calculated from the breakthrough curves are compared in 
Figure 7. The incorporation of Ce (III) in MOF has a favorable effect on the adsorption 
capacities. The performance of the doped materials is better than those of the parent samples 
regardless the conditions, with the exception of Ce-UiO-67 exposed to NO2 in moist conditions. 
In dry conditions, Ce-UiO-66 adsorbs 95 mg/g, which is 30 % higher than the amount adsorbed 
on UiO-66. When water is present in the challenge gas, Ce-UiO-66 is only able to adsorb 53 
mg/g, nonetheless, this capacity is 32 % higher than of its parent MOF. In the case of Ce-UiO-
67, the NO2 adsorption capacities are similar in both moist and dry conditions.  
 
It was found that the addition of Ce (III) cations affects the average surface pH and the ability of 
these materials to adsorb water. While the former feature significantly increases for Ce-UiO-66 
from 3.00 for UiO-66 to 3.64, for Ce-UiO-67 a marked decrease is found in comparison with the 





neutralization of carboxylic groups by their reaction with cerium during the synthesis of the latter 
material. On Ce-UiO-67 only 2.0 % water was adsorbed during prehumidification in comparison 
with 7.5 % adsorbed on UiO-67 
18
. This indicates the limits in the accessibility of pores, likely 
owing to the formation of chelates. On the other hand, the opposite trend is found for Ce-UiO-66 
in the amount of water adsorbed.  For this sample an increase from 1.2 % to 10.3 % in 
comparison with the undoped counterpart was measured. The two opposite trends in the pH 
value and water affinity must result in that apparent effects of unchanged adsorption of NO2 on 
the latter sample compared to UiO-67. The less acidic pH and the ability to retain water were 
found previously to be important factors for NO2 adsorption on this kind of materials. 
 
The NO2 adsorption visibly affects the porosity of our samples (Table 1). The pore size 
distributions of the modified initial and exhausted UiO materials are shown in Figure 8. 
Interestingly, the average pore diameter for Ce-UiO-67 is around 12 Å, while that of Ce-UiO-66 
is around 15 Å, even though the latter sample has a small ligand size.  Thus, either Ce (III) 
doping causes expansion of the MOF crystal unit for Ce-UiO-66, or it partially initiates the 
growth of a cerium based MOF or hybrid MOF, as suggested by changes in the XRD peaks.  On 
the other hand, the small average pore size for Ce-UiO-67 can be the result of the reaction of Ce 
with carboxylic moiety, which limits the access of nitrogen molecules to the UiO-67 MOF 
cavities.  The importance of pores with sizes between 10-25 Å for the process of NO2 removal is 
supported by the decrease in their incremental pore volume after exposure to NO2 in both moist 
and dry conditions. The most pronounced changes in the porosity are found for Ce-UiO-67 EM 
and for Ce-UiO-66 ED. The surface areas for these two samples decrease 75 % after exposure to 





different and also different from those on Ce-UiO-66 EM and Ce-UiO-67 ED. While on the latter 
two samples the physisorption seems to be the predominant mechanism, even in moist 
conditions, on the Ce-UiO-67 EM and for Ce-UiO-66 ED, reactive adsorption must result in the 
collapse of these MOFs’ frameworks.  While in the case of Ce-UiO-66 EM water adsorbed in the 
chemically modified cavities of the hybrid MOF shields the metals centers from reacting with 
NO2,  its lack on the surface of Ce-UiO-67 ED combined with the limited access to metal centers 
owing to the chelation of cerium with carboxylic groups of the linkages result in the stability of 
the framework 
18
. The collapse of the framework in the case of Ce-UiO-67 EM is the effect of 
dissociation of  the cerium from its binding with COOH moieties,  which leads to the opening of 
the cavities  and thus enable  a direct attack of the nitrous/nitric acids, formed in the water film, 
on the metal centers. In the case of Ce-UiO-66 ED, owing to the lack of water, the metal centers 
in the small pores are not shielded and react with NO2. The whole adsorption process is very 
dynamic since Ce
+3
 is likely oxidized by NO2 to Ce
+4
 and thus more adsorption centers for 
nitrates are formed. Nevertheless, the collapse of the structure has a negative effect on the overall 
performance of Ce-UiO-67 in moist conditions and of Ce-UiO-66 in dry conditions as NO2 
adsorbents. It also crosses out the possibility of their application after a simple regeneration 
treatment/desorption. The high release of NO from Ce-UiO-66 ED supports reduction of NO2 on 
cerium centers of this adsorbent (Figure 7). 
 
 
 The XRD patterns for the exhausted samples are collected in Figure 9. The previous studies 
indicated that in the case of reactive adsorption a decrease or disappearance of XRD peaks is 





the MOF structure 
41, 42
.  The destruction of crystallinity is specifically visible for Ce-UiO-66 ED 
and Ce-UiO-66 EM.  Moreover, a new peak appears at 2θ=9.4° for Ce-UiO-66 exposed to NO2 
in moist conditions. Contrary to Ce-UiO-66, the X-Ray diffraction pattern for Ce-UiO-67 reveals 
a decrease in its main diffraction peaks at 2θ value of 10°,12°, 20° and 31.5° after exposure to 
NO2 in both conditions. New peaks after exposure to NO2 in dry conditions are visible but are of 
very small intensity. These peaks are linked to cerium nitrate 
43
 . In the case of Ce-UiO-67 EM, a 
slight shift in the peak at 2θ value of 5.8 occurs. This can be caused by some structural re-
arrangements of the framework to accommodate NO2 molecules. 
 
Owing to the chemistry involved, gas-solid interactions lead to the formation of species bound to 
the surface.  Weight loss derivative curves (DTG) for the initial and exhausted materials are 
collected in Figure 10. The peaks represent weight loss due the decomposition of surface species. 
The first peak revealed at around 100 °C corresponds to the removal of moisture. Doping with 
Ce
+3
 results in changes in the weight loss patterns.  A small peak seen between 100 °C and 
150°C is related to the presence of hydroxylated Ce
+3 
species in the framework 
44-46
. Since the 
drying process applied was rather long and the solvent is expected to be removed, a small peak 
between 200-300 °C represents the decomposition of organic ligands metallically coordinated to 
cerium and the formation of the crystalline phase of Ce2O3 
33, 47, 48
. A peak between 400-500°C is 
shifted to 550 °C. It corresponds to the decomposition of the framework and the removal of 
organic ligands linked to the zirconium, and/or cerium metallic centers. Thus it is apparent that 
cerium (III) doping improves the thermal stability of these MOFs. The wide shoulder present for 
UiO-67 between 500 and 600°C disappears for UiO-67 doped with Ce(III). Additionally, small 





They are ascribed to the decomposition of Ce2O3 
47
 . After exposure to NO2 the peaks on the 
DTG curves between 100 and 190°C increase in their intensity for Ce-UiO-66 EM and Ce-UiO-
67 ED are ascribed to the decomposition of cerium(III) nitrate hydrate 
49
. The intense peak at 
100°C for Ce-UiO-66 in moist conditions is linked to the presence of water. The intensity of the 
peak revealed between 200 and 350°C increases in both moist and dry conditions for Ce-UiO-66. 
In moist conditions, this peak is linked to the decomposition of ZrO-(OH)-NO2, CeO-(OH)-NO2 
acidic complexes 
50
 whereas in dry conditions, it is linked to the decomposition of metal nitrates 
(zirconium or cerium) 
51-54
. Interestingly, a shoulder appears around 350-400°C after NO2 
adsorption in both conditions. We link this new feature to the formation of nitrates/nitrites bound 




Additional information about the nature of the species deposited on the surface after exposure to 
NO2 is provided by FTIR spectroscopy carried out on the exhausted samples (Figure 11). A 
broadening of a band positioned at 750 cm
-1
 is visible for Ce-UiO-66 exposed to NO2 in both 
moist and dry conditions. This band is linked to symmetric and asymmetric vibration of NO2 (vs 
and va (NO2) 
56







The former is linked to the weakly chemisorbed NO2, while the latter is related to monodentate 
nitrate v(NO) vibration 
53





exposure to NO2 in both moist and dry conditions. We link these changes either to the direct 
interactions of NO2 with C-O or the interactions of NO2 with metal coordinated species (Ce-O-
C). Moreover, the band related to the formation of nitrate and nitrates species 
57
 at around 1650 
cm
-1





occur around this wave number 
58






centers and results in the formation of cerium (III/IV) nitrate species. In addition, on the 
spectrum for Ce-UiO-66 exposed to NO2
 
in moist conditions, the bands in the range between 
1300 and 1400 cm 
-1
 become smoother. The decrease in the intensity of these bands indicates the 




Interestingly, Ce-UiO-67 exposed to NO2 in both conditions does not exhibit any well 
pronounced changes on the FTIR spectra. Nonetheless, the band at 750 cm
-1 
broadens and 





we link to formation of nitrate and nitrite species.   
 
1.5 Conclusion 
The influence of Ce
+3 
doping on the alteration of Zr-MOF surface features has been 
demonstrated based on the results of various analytical techniques discussed above. The potential 
application of this adsorbent for gas separation, and breathing air filtration in ambient conditions 
is promising. Doping with cerium not only results in the development of porosity, but it also 
increases the structural stability and resistance to the corrosive effects of NO2. Although the 
crystal structures are strikingly different than those of their parent materials, doping UiO with 
cerium leads to formation of surface chemistry favorable for NO2 reactive adsorption.  The 
results indicate that the hybrid Ce-Zr MOF phase is formed when the number of carboxylic 
reactive ligands is limited as that in BDC. On the hand, in the case of BDPC linkages, Ce
+3
 
reacts with carboxylic groups causing spatial limitations in the accessibility of small pores for 










leads to the formation of new micropores as a result of  an increase surface heterogeneity and 
imperfection of crystals. These  micropores contribute to NO2 adsorption. The preservation of the 
characteristic diffraction peaks after exposure to NO2 indicates the overall stability of Ce-UiO 
materials. Nitric and nitrous acid formed by dissolution of NO2 in the water film, and  subsequent 
nitration of the biphenyl rings contribute to major loss in the porosity in Ce-UiO-67 EM.  
1.6 Literature  
1. Karra, J. R.; Grabicka, B. E.; Huang, Y.-G.; Walton, K. S., Adsorption study of CO2, 
CH4, N2, and H2O on an interwoven copper carboxylate metal–organic framework (MOF-14). J. 
Colloid Interface Sci. 2013, 392, 331-336. 
2. Zhao, Z.; Li, Z.; Lin, Y. S., Adsorption and Diffusion of Carbon Dioxide on 
Metal−Organic Framework (MOF-5). Ind. Eng. Chem. Res.   2009, 48, 10015-10020. 
3. Li, Y.; Yang, R. T., Gas Adsorption and Storage in Metal−Organic Framework MOF-
177. Langmuir 2007, 23, 12937-12944. 
4. Saha, D.; Bao, Z.; Jia, F.; Deng, S., Adsorption of CO2, CH4, N2O, and N2 on MOF-5, 
MOF-177, and Zeolite 5A. Environ.  Sci. Technol.  2010, 44, 1820-1826. 
5. Anbia, M.; Hoseini, V.; Sheykhi, S., Sorption of methane, hydrogen and carbon dioxide 
on metal-organic framework, iron terephthalate (MOF-235). J. Ind. Eng.  Chem.  2012, 18, 1149-
1152. 
6. Bao, Z.; Yu, L.; Ren, Q.; Lu, X.; Deng, S., Adsorption of CO2 and CH4 on a magnesium-
based metal organic framework. J. Colloid Interface Sci. 2011, 353, 549-556. 
7. Purewal, J.; Liu, D.; Sudik, A.; Veenstra, M.; Yang, J.; Maurer, S.; Müller, U.; Siegel, D. 
J., Improved Hydrogen Storage and Thermal Conductivity in High-Density MOF-5 Composites. 





8. Saha, D.; Zacharia, R.; Lafi, L.; Cossement, D.; Chahine, R., Synthesis, characterization 
and hydrogen adsorption on metal-organic frameworks Al, Cr, Fe and Ga-BTB. Chem. Eng. J.   
2011, 171, 517-525. 
9. Heymans, N.; Vaesen, S.; De Weireld, G., A complete procedure for acidic gas 
separation by adsorption on MIL-53 (Al). Microporous Mesoporous Mater.  2012, 154, 93-99. 
10. Saha, D.; Deng, S., Ammonia adsorption and its effects on framework stability of MOF-5 
and MOF-177. J. Colloid Interface Sci.  2010, 348, 615-620. 
11. Petit, C.; Mendoza, B.; Bandosz, T. J., Reactive Adsorption of Ammonia on Cu-Based 
MOF/Graphene Composites. Langmuir 2010, 26, 15302-15309. 
12. Petit, C.; Huang, L.; Jagiello, J.; Kenvin, J.; Gubbins, K. E.; Bandosz, T. J., Toward 
Understanding Reactive Adsorption of Ammonia on Cu-MOF/Graphite Oxide Nanocomposites. 
Langmuir 2011, 27, 13043-13051. 
13. Petit, C.; Bandosz, T. J., Enhanced Adsorption of Ammonia on Metal-Organic 
Framework/Graphite Oxide Composites: Analysis of Surface Interactions. Adv. Funct. Mater. 
2010, 20, 111-118. 
14. Petit, C.; Bandosz, T. J., MOF-graphite oxide nanocomposites: surface characterization 
and evaluation as adsorbents of ammonia. J.  Mater. Chem. 2009, 19, 6521-6528. 
15. Bandosz, T.; Petit, C., MOF/graphite oxide hybrid materials: exploring the new concept 
of adsorbents and catalysts. Adsorption 2011, 17, 5-16. 
16. Petit, C.; Levasseur, B.; Mendoza, B.; Bandosz, T. J., Reactive adsorption of acidic gases 





17. Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti, C.; Bordiga, S.; Lillerud, 
K. P., A New Zirconium Inorganic Building Brick Forming Metal Organic Frameworks with 
Exceptional Stability. J.  Am.  Chem.  Soc. 2008, 130, 13850-13851. 
18. Ebrahim, A. M.; Levasseur, B.; Bandosz, T. J., Interactions of NO2 with Zr-Based MOF: 
Effects of the Size of Organic Linkers on NO2 Adsorption at Ambient Conditions. Langmuir 
2012, 29, 168-174. 
19. Mavrandonakis, A.; Tylianakis, E.; Stubos, A. K.; Froudakis, G. E., Why Li Doping in 
MOFs Enhances H2 Storage Capacity? A Multi-scale Theoretical Study. J. Phys.  Chem.  C  2008, 
112, 7290-7294. 
20. Mulfort, K. L.; Wilson, T. M.; Wasielewski, M. R.; Hupp, J. T., Framework Reduction 
and Alkali-Metal Doping of a Triply Catenating Metal−Organic Framework Enhances and Then 
Diminishes H2 Uptake. Langmuir 2008, 25, 503-508. 
21. Dalach, P.; Frost, H.; Snurr, R. Q.; Ellis, D. E., Enhanced Hydrogen Uptake and the 
Electronic Structure of Lithium-Doped Metal−Organic Frameworks. J. Phys.  Chem.  C 2008, 112, 
9278-9284. 
22. Ghoufi, A.; Deschamps, J.; Maurin, G., Theoretical Hydrogen Cryostorage in Doped 
MIL-101(Cr) Metal–Organic Frameworks. J. Phys.  Chem.  C  2012, 116, 10504-10509. 
23. Kubo, M.; Shimojima, A.; Okubo, T., Effect of Lithium Doping into MIL-53(Al) through 
Thermal Decomposition of Anion Species on Hydrogen Adsorption. J. Phys.  Chem.  C  2012, 
116, 10260-10265. 
24. Mavrandonakis, A.; Klontzas, E.; Tylianakis, E.; Froudakis, G. E., Enhancement of 





Group and Li Cations. A Multiscale Computational Study. J. Am.  Chem. Soc.  2009, 131, 13410-
13414. 
25. Chu, C.-L.; Chen, J.-R.; Lee, T.-Y., Enhancement of hydrogen adsorption by alkali-metal 
cation doping of metal-organic framework-5. Int. J.  Hydrogen Energy 2012, 37, 6721-6726. 
26. Bae, Y.-S.; Hauser, B. G.; Farha, O. K.; Hupp, J. T.; Snurr, R. Q., Enhancement of 
CO2/CH4 selectivity in metal-organic frameworks containing lithium cations. Microporous 
Mesoporous Mater.  2011, 141, 231-235. 
27. Murakami, M.; Hong, D.; Suenobu, T.; Yamaguchi, S.; Ogura, T.; Fukuzumi, S., 
Catalytic Mechanism of Water Oxidation with Single-Site Ruthenium–Heteropolytungstate 
Complexes. J. Am.  Chem. Soc.   2011, 133, 11605-11613. 
28. Imagawa, H.; Suda, A.; Yamamura, K.; Sun, S., Monodisperse CeO2 Nanoparticles and 
Their Oxygen Storage and Release Properties. J. Phys. Chem. C  2011, 115, 1740-1745. 
29. Lastoskie, C.; Gubbins, K. E.; Quirke, N., Pore size distribution analysis of microporous 
carbons: a density functional theory approach. J. Phys. Chem.  1993, 97, 4786-4796. 
30. Dau, P. V.; Kim, M.; Garibay, S. J.; Münch, F. H. L.; Moore, C. E.; Cohen, S. M., 
Single-Atom Ligand Changes Affect Breathing in an Extended Metal–Organic Framework. 
Inorg. Chem. 2012, 51, 5671-5676. 
31. Chang, N.; Yan, X.-P., Exploring reverse shape selectivity and molecular sieving effect 
of metal-organic framework UIO-66 coated capillary column for gas chromatographic 
separation. J.  Chromatogr., A 2012, 1257, 116-124. 
32. Abid, H. R.; Tian, H.; Ang, H.-M.; Tade, M. O.; Buckley, C. E.; Wang, S., Nanosize Zr-






33. Yu, J.-Y.; Wei, W.-C. J.; Lin, S.-E.; Sung, J.-M., Synthesis and characterization of 
cerium dioxide fibers. Mater. Chem. Phys.  009, 118, 410-416. 
34. Nguyen, T. B.; Deloume, J. P.; Perrichon, V., Study of the redox behaviour of high 
surface area CeO2–SnO2 solid solutions. Appl. Catal ., A  2003, 249, 273-284. 
35. Wang, C.; Xie, Z.; deKrafft, K. E.; Lin, W., Doping Metal–Organic Frameworks for 
Water Oxidation, Carbon Dioxide Reduction, and Organic Photocatalysis. J.  Am. Chem.  Soc.  
2011, 133, 13445-13454. 
36. Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.; Nilsen, M. H.; Jakobsen, S.; 
Lillerud, K. P.; Lamberti, C., Disclosing the Complex Structure of UiO-66 Metal Organic 
Framework: A Synergic Combination of Experiment and Theory. Chem. Mater.   2011, 23, 1700-
1718. 
37. Ksapabutr, B.; Gulari, E.; Wongkasemjit, S., One-pot synthesis and characterization of 
novel sodium tris(glycozirconate) and cerium glycolate precursors and their pyrolysis. Mater. 
Chem. Phys. 2004, 83, 34-42. 
38. Mitchell, M. B.; Sheinker, V. N.; Tesfamichael, A. B.; Gatimu, E. N.; Nunley, M., 
Decomposition of Dimethyl Methylphosphonate (DMMP) on Supported Cerium and Iron Co-
Impregnated Oxides at Room Temperature. J. Phys. Chem.  B 2002, 107, 580-586. 
39. Levasseur, B.; Ebrahim, A. M.; Bandosz, T. J., Role of Zr
4+
 Cations in NO2 Adsorption 
on Ce1-xZrxO2 Mixed Oxides at Ambient Conditions. Langmuir 2011, 27, 9379-9386. 
40. Bamwenda, G. R.; Uesigi, T.; Abe, Y.; Sayama, K.; Arakawa, H., The photocatalytic 




 as electron 





41. Levasseur, B.; Petit, C.; Bandosz, T. J., Reactive Adsorption of NO2 on Copper-Based 
Metal−Organic Framework and Graphite Oxide/Metal−Organic Framework Composites. ACS 
Appl.  Mater. Interfaces 2010, 2, 3606-3613. 
42. Petit, C.; Mendoza, B.; O’Donnell, D.; Bandosz, T. J., Effect of Graphite Features on the 
Properties of Metal–Organic Framework/Graphite Hybrid Materials Prepared Using an in Situ 
Process. Langmuir 2011, 27, 10234-10242. 
43. Ruas, A.; Simonin, J.-P.; Turq, P.; Moisy, P., Experimental Determination of Water 
Activity for Binary Aqueous Cerium(III) Ionic Solutions:  Application to an Assessment of the 
Predictive Capability of the Binding Mean Spherical Approximation Model. J. Phys.  Chem.  B 
2005, 109, 23043-23050. 
44. Cui, M. Y.; He, J. X.; Lu, N. P.; Zheng, Y. Y.; Dong, W. J.; Tang, W. H.; Chen, B. Y.; 
Li, C. R., Morphology and size control of cerium carbonate hydroxide and ceria 
micro/nanostructures by hydrothermal technology. Mat. Chem. Phys.  2010, 121, 314-319. 
45. Cui, Q.; Dong, X.; Wang, J.; Li, M., Direct fabrication of cerium oxide hollow nanofibers 
by electrospinning. J. Rare Earths 2008, 26, 664-669. 
46. Ksapabutr, B.; Gulari, E.; Wongkasemjit, S., Sol–gel derived porous ceria powders using 
cerium glycolate complex as precursor. Mater. Chem.  Phys.   2006, 99, 318-324. 
47. Lu, C.-H.; Wang, H.-C., Formation and microstructural variation of cerium carbonate 
hydroxide prepared by the hydrothermal process. J. Mater. Sci. Eng. B 2002, 90, 138-141. 
48. Cai-Yang, S., Shu-Lin,H.,Hai-Too,X.,Chun-mei,D.,Zhao-Shun, Z., Synergistic Effect of 
Ce2O3 in Ammonium Polyphosphate-Pentaeruthritol-Melamine Intumescent Flame Retardant 





49. Vratny, F.; Kern, S.; Gugliotta, F., The thermal decomposition of cerium (III) nitrate 
hydrate. J. Inorg.  Nucl.  Chem.  1961, 17, 281-285. 
50. Strydom, C. A.; Vuuren, C. P. J., The thermal decomposition of cerium(III) nitrate. J.  
Therm. Anal.  1987, 32, 157-160. 
51. Silva, G. L. J. P. d., Preparation and Characterization of Hydrous Zirconium Oxide 
Formed by Homogeneous Precipitation. Mater. Res. 2002, 5, 149-153. 
52. Stefani, G., Grzeta, B., Popovic,S. and Music, S. , In situ Phase Analysis of the Thermal 
Decomposition Products of Zirconium Salts. Croat.  Chem.  Acta.   1999, 72, 395-412. 
53. Mohamed, G. G.; Soliman, A. A.; El-Mawgood, M. A., Structural and thermal 
characterization of cerium, thorium and uranyl complexes of sulfasalazine. Acta, Part A  2005, 62, 
1095-1101. 
54. Nibha; Kapoor, I. P. S.; Singh, G.; Frohlich, R., Preparation, X-ray crystallography and 
thermolysis of lanthanide metal nitrate complexes with 2,2′-bipyridine. J. Mol. Struct.  2013, 
1034, 296-301. 
55. Miguel-García, I.; Parres-Esclapez, S.; Lozano-Castelló, D.; Bueno-López, A., H2 
assisted decomposition of cerium nitrate to ceria with enhanced catalytic properties. Catal. 
Commun.  2010, 11, 848-852. 
56. Wang, J.; Koel, B. E., IRAS Studies of NO2, N2O3, and N2O4 Adsorbed on Au(111) 
Surfaces and Reactions with Coadsorbed H2O.  J. Phys. Chem.  A 1998, 102, 8573-8579. 
57. Wang, Z.-M.; Arai, T.; Kumagai, M., Cooperative and Competitive Adsorption 






58. Kladis, C.; Bhargava, S. K.; Foger, K.; Akolekar, D. B., Effects of air pollutants on the 
cerium exchanged high silica zeolite catalyst: a Fourier transform infrared study. J. Mol. Catal.  A: 










1.7 List of the Figures  
Figure 1. XRD patterns for UiO series with and without the incorporation of Cerium (III). 
Figure 2. SEM images for UiO-67 and UiO-66 with (B, C, E, F) and without (A, D) the 
incorporation of Cerium (III). 
Figure 3. EDX maps for Ce-UiO-67 and Ce-UiO-66 
Figure 4. FT-IR spectra for UiO and Ce-UiO series. 
Figure 5. NO2 breakthrough curves for the Ce-UiO-66 and  Ce-UiO-67 samples. 
Figure 6.  NO release curves for the Ce-UiO-66 and Ce-UiO-67  samples. 
Figure 7. Comparison of the NO2 adsorption capacity (mg/g) and NO release (%) for materials 
with and without Cerium in both moist and dry conditions. 
Figure 8. Pore Size Distributions for Ce-UiO-66 and Ce-UiO-67 before and after exposure to 
NO2. 
Figure 9.  XRD patterns for the exhausted samples. . 
Figure 10. DTG curves in  nitrogen for the exhausted samples. 
















1.7 List of Tables 
Table. 1 NO2 adsorption capacities (mg/gads), amounts of water adsorbed and pH values before 
and after exposure to NO2 in moist (EM) and dry (ED) conditions. 
Table  2. Parameters of the porous structure derived from the nitrogen adsorption isotherms for 











Table. 1 NO2 adsorption capacities (mg/gads), amounts of water adsorbed and pH values before 
and after exposure to NO2 in moist (EM) and dry (ED) conditions. The data for UiO-66 and UiO-



















Samples NO2 capacity 
 
 (mg/gads) 






 Initial  Exhausted 
UiO-66 ED  73  3.00 2.90 
Ce-UiO-66 ED 95  3.64 3.44 
UiO-66 EM 40 1.2 3.00 2.88 
Ce-UiO-66 EM 86 10.3 3.64 2.52 
UiO-67 ED  79  4.78 3.34 
Ce-UiO-67 ED 86  3.69 3.39 
UiO-67 EM 118 7.2 4.78 2.87 





Table  2. Parameters of the porous structure derived from the nitrogen adsorption isotherm for 
the samples before and after exposure to NO2 and the Zr/Ce atomic ratio from EDX analysis. The 



















UiO-66  891 0.471 0.391 0.830 --- 
Ce-UiO-66 1035 0.515 0.445 0.86 13 
Ce-UiO-66 ED 273 0.143 0.102 0.71 --- 
Ce-UiO-66 EM 1027 0.507 0.443 0.87 --- 
UiO-67  1372 0.707 0.608 0.860 --- 
Ce-UiO-67 2302 1.133 0.705 0.62 46 
Ce-UiO-67 ED 2197 1.048 0.694 0.66 --- 
Ce-UiO-67 EM 628 0.316 0.204 0.64 --- 



































































































































2.1 Abstract  
Zirconium based MOFs, UiO, modified with –NH2 groups originated either from melamine or 
urea were synthesized. The samples were used as adsorbents of NO2 from either dry or moist air. 
The effects of –NH2 incorporation on the texture and chemistry of UiO were analyzed using 
SEM, XRD, nitrogen sorption, thermal analysis and FT-IR. The incorporation of urea, which is a 
planar molecule, does not affect the crystallinity and morphology of UiO. Melamine, a traizine 
compound, on the other hand obstructs the nucleation and growth of the crystals due to its 
interaction with metallic centers and carboxylic ligands. Thus the porosity of the melamine 
modified UiO drastically decreases and so does the NO2 adsorption capacity. Water enhances the 
adsorptive performance. Introducing Lewis basic sites by the incorporation of –NH2 groups 
promotes chemical reactions on the surface. The amine (NH2) or the carbonyl (C=O) groups in 
urea directly interact with NO2 molecules in both moist and dry conditions, which leads to the 
formation of surface bound nitrates.  
2.2 Introduction 
Metal organic frameworks have been investigated as hydrogen storage media 
1-3
, water oxidation 
catalysts 
4, 5
, photoactive and luminescence materials 
6-9
 and  adsorbents 
10, 11
. The possibility of 
combination of various metals and organic ligands that constitute framework of MOF units leads 
to microporous materials with different topologies, properties, surface areas and pore volumes. 
Thus the ideal situation for an effective synthesis is when the “design” of MOF fits a target 
application. In the case of adsorption, besides textural properties the chemical nature of metal 












 or metal doping 
18-21
. Geosten and coworkers reported a room 
temperature post synthetic modification of chemically and thermally stable MIL-101(Cr) and 
MIl-53(Al) by the incorporation of sulfoxy moieties 
22
. The resulting frameworks were more 
acidic than the parent MOFs, and exhibited a high catalytic activity as well as a high proton 
conductivity 
22
. The removal of Hg
+2 
from water was significantly enhanced by the post synthetic 
modification of MOF-199 with thiol groups using dithiolglycol as a source of –SH 
23
.  
Nitrogen dioxide (NO2) is an acidic, corrosive, and toxic gas present in the atmosphere.. The 
main sources of NO2 pollution is burning of fossil fuel, emission from combustion engines and 
industrial wastes. Its presence in the air poses a threat to the environment since it is one of the 
ingredients leading to a photochemical smog formation. The emission of NO2 to the atmosphere 
can be eliminated either from the source or by filtration on adsorbents.  MOFs, owing to their 
microporous nature, are considered as excellent candidates for the separation of small and toxic 
molecules such as NO2 from ambient air. The most important aspect of an effective separation at 
ambient conditions is the ability of the material to adsorb the target molecules and eliminate the 
competitive effect of water when moisture is present in the system. MOFs that are widely used in 
the field of gas separation are HKUST-1
24, 25




 and UiO-66 
31-
33
. The limitation in the application of HKUST-1 as an adsorbent is the complete destruction of 
its porosity and crystallographic structure after exposure to toxic gas molecules 
34
. Moreover, in 
humid air due to the small micropores in this system and the similar size of NO2 and water 
molecules 
35
, the competition for the adsorption site between these two molecules can take place 
36
 . In addition, HKUST-1 is unstable upon direct contact with water vapor 
37, 38
.  In the case of 









Cavka and coworkers synthesized thermally and chemically stable UiO-66 
40
 . Its stability has 
been linked to the highly oxophilic nature of zirconium(IV), leading to the formation of a 
inorganic brick [Zr6O4(OH)4] 
40
. Jasuja and co-workers synthesized a water resistant dimethy-
functionalized UiO-66.  On that material  the amount of water adsorbed decreased 50 %,  which 
resulted in an increase in the uptake of CO2 and CH4 
41
 . The incorporation of methyl groups in 
MOF does not introduce active sites basic enough for NO2 adsorption and thus physical 
adsorption would be the predominant adsorption mechanism. Our previous study showed that 
UiO- type MOFs showed a promising performance as NO2 adsorbents 
42
.  Nevertheless, water in 
the system had a negative effect on the adsorptive properties and a relatively high percentage of 
adsorbed NO2 was converted to NO.   
Knowing that amines  can enhance NO2 and NO adsorption 
43, 44
 and  taking into account the 
high thermal and chemical stability of UiO-66 and its analogue UiO-67 these MOFs appeared to 
us  as good candidates for amine doping with the objective of the development of efficient NO2 
adsorbents for air filtration at ambient conditions.  A post synthetic modification was not adapted 
due to the rather limited reactivity (deactivated aromatic ring towards aromatic substitution) of 
the organic linker used, and the stability of the MOF herein. The effect of doping–NH2 groups 
originating from different chemical environments on the MOF texture and porosity is studied. 
The performance of the resulting MOFs as NO2 reactive adsorbents at ambient conditions is 






2.3 Experimental  
2.3a Materials   
All chemicals (DMF (N,N- dimethylformamide 99%), BDC (Benzene-1,4-dicarboxylic acid, 
98.9%), BDPC (4,4’biphenyl-dicarboxylate 98.9%), acetone, and zirconium tetrachloride ZrCl4) 
) were supplied by either Sigma–Aldrich, VWR , BDH or Alfa Aesar and used without further 
purification. 
2.3b Synthesis of amine doped MOF  
We previously reported the synthesis of Zr-MOFs following the method described in the 
literature 
40
 and the details are described elsewhere 
42
. Integration of –NH2 groups in the MOF 
framework was done using two amines which differ in their chemical properties, urea and 
melamine. 
I.  Urea modified UiO-66 and UiO-67 
10 mmol of zirconium tetrachloride, ZrCl4 and 10 mmol BDC were dissolved in 300 mL of N,N- 
dimethylformamide (DMF). Urea (10 mmol) was stirred in DMF separately. The solution was 
transferred into the ZrCl4/ BDC solution and stirred for an additional 30 min. The reagents were 
transferred to a 500 mL round bottom flask, and 50 mL of DMF was added. The system was 
heated at 110°C under shaking for 25 hr. A resulting white product was filtered off, washed with 
DMF, to remove the excess of the unreacted organic linker and immersed in an acetone solution 
for a solvent exchange. The sample was again filtered and dried under vacuum. The same 
synthesis procedures were followed for the synthesis of Urea-UiO-67, but 4,4’-biphenyl-
dicarboxylate (BDPC) was used as an organic linker. The as synthesized samples are referred to 
as U-UiO-66 and U-UiO-67.  





10 mmol of zirconium tetrachloride, ZrCl4 and 10 mmol BDC 10 mmol were dissolved in 350 
mL of DMF. Melamine (10 mmol) was stirred in 115 mL of ethanol separately and sonicated for 
45 minutes. The melamine solution was then transferred to the Zr/linker solution and stirred for 
an additional 45 minutes. The reagents were transferred to a 500 mL round bottom flask. The 
system was heated at 115°C under shaking for 25 hr. A resulting white product was filtered off, 
washed with DMF, to remove the excess of the unreacted organic linker and immersed in an 
acetone solution for a solvent exchange. The sample was again filtered and dried under vacuum. 
The same synthesis procedures were followed for the synthesis of Melamine-UiO-67, but BDPC 
was used as an organic linker. The as synthesized samples are referred to as M-UiO-66 and M-
UiO-67. 
                              
Chemical structure of Urea    Chemical structure of Melamine 
 
2.3c NO2 breakthrough capacity 
The NO2 breakthrough capacities were measured in a laboratory-scale, fixed-bed system, at room 
temperature, in dynamic conditions. In a typical test, 1000 ppm NO2 in nitrogen diluted with air 
went through a fixed bed of an adsorbent with a total inlet flow rate of 225 mL/min. The 
adsorbent was well mixed with 2 mL of nonreactive glass beads (diameter 0.5-1 m) and packed 





gas were measured using an electrochemical sensor (RAE Systems, MultiRAE Plus PGM-
50/5P). The adsorption capacity of each adsorbent was calculated in milligram per gram of 
adsorbent bed mg/ g by integration of the area above the breakthrough curve. The tests were 
conducted in both moist (relative humidity 70 %) and dry conditions. The measurements were 
stopped at the concentrations of NO2 and NO of 20 ppm and 200 ppm, respectively (the limits of 
the gas sensors). After the breakthrough tests, all samples were exposed to a flow of carrier air 
only (180 mL/min) to evaluate the strength of NO2 adsorption. The suffix –ED is added to the 
name of the samples after exposure to NO2 in dry conditions, and –EM for samples after 
exposure to NO2 in moist conditions. 
2.3d Characterization 
Surface pH 
The samples were first dried, then a 0.2 g sample of dry adsorbent was added to 10 mL of 
deionized water, and the suspension was stirred overnight to reach equilibrium. Then the pH was 
measured using Fischer scientific, Accumet Basic pH meter.    
Adsorption of Nitrogen 
Nitrogen isotherms were measured at –196 
o
C using an ASAP 2010 (Micromeritics). Before each 
analysis initial and exhausted samples were dried and degassed at 120 
o
C. The surface area, SBET 
the total pore volume, Vt, the micropore volume Vmic, (calculated from the t-plot), and the 
mesopore volume, Vmes, were calculated from the isotherms. Pore size distributions were 
calculated using density functional theory. 
SEM 
Scanning electron microscopy (SEM), was performed on Zeiss Supra 55 instrument with a 





For some samples, a sputter coating of a thin layer of gold was performed to avoid specimen 
charging.  
XRD 
To obtain crystallographic structure of the materials XRD was employed. Using standard powder 
diffraction procedures, the adsorbents (fresh, and exhausted) were inserted in a mount slide as 
dry powder and X-ray diffraction was measured on a Philips X’Pert Xray diffractometer using 
CuKα radiation with a routine power of 1600 W (40 kV, 40 mA) 
Thermal analysis 
Thermogravimetric (TG) curves and their derivatives (DTG) were obtained using a TA 
Instruments thermal analyzer, Q600. The samples (initial and exhausted moist and dry) were 
previously dried in oven at 100 °C to remove moisture and then heated up to 1000 
o
C, with a 
heating rate   10
 
°C/min under a nitrogen flow of 100 mL/min.  
FTIR 
Fourier transform infrared (FTIR) spectroscopy was carried out using a Nicolet Magna-IR 830 
spectrometer using the attenuated total reflectance method. The spectrum was generated, 
collected 32 times and corrected for the background noise. The experiments were done on 
powdered sample. 
NH2 functional group content determination  
The content of amines was determined by thermal analysis in air and calculated from the DTA 
curves with respect to the decomposition temperature of the amines. 
 





The measured NO2 breakthrough curves for the urea and melamine modified UiO-66 and UiO-
67 samples are collected in Figure 1.  In the case M-UiO-66 exposed to NO2 in dry conditions the 
NO2 concentration rise quickly indicating a poor adsorptive performance. For U-UiO-66, M-
UiO-67 and especially for U-UiO-67, the curves flatten and the breakthrough times are 
considerably longer.  The adsorption process in moist conditions looks complex. As in dry 
conditions, the performance of M-UiO-66 is rather poor. Interestingly, in the case of M-UiO-67 
after the initial breakthrough the surface of this material apparently changes and more sites for 
NO2 adsorption are formed. That specific “activation” also happens for U-UiO-67. U-UiO-66 
exhibits a typical breakthrough curve and the adsorption performance in moist conditions.  The 
desorption curves are steep for all samples/runs which indicates the strong adsorption/reaction of 
NO2 on the surface. 
 
The extent of NO2 reduction on the surface is seen on the NO release curves collected in Figure 
2. In dry conditions UiO-67 modified either with urea or melamine are the best performing 
samples from the point of view of the amount of NO released. The steps on the curve for the 
latter sample indicate the distinct changes in the surface chemistry/texture and thus the change in 
the reduction of NO2 or NO adsorption in the pore system. These changes are also visible on the 
NO concentration curves in moist conditions, especially for UiO-67 modified with both, area and 
melamine. Here the former sample shows the best performance from the point of view of the 
amount of NO released from the surface during the  NO2 adsorption test. 
 
The calculated NO2 breakthrough capacities for each sample are collected in Table 1. The 





67 series of samples the capacity increased two and three times, respectively, regardless the type 
of amine modifier used. The best adsorbents are U-UiO-66, U-UiO-67 and M-UiO-67 exposed to 
NO2 in moist conditions. There is over a 100 % increase in the adsorption capacity of U-UiO-66 
in moist conditions compared to than that for UiO-66 (40 mg/gads) 
42
. For  the UiO-67 series of 
samples an increase is noticed only in moist conditions for the urea modified sample in 
comparison with the unmodified sample on which 118 mg NO2/g were adsorbed 
42
. In dry 
conditions on the unmodified sample 79 mg NO2/g were adsorbed [34]. Therefore, in the case of 
UiO-67 the incorporation of melamine significantly worsen its performance as an NO2 
adsorbent. A similar negative effect is also found for M-UiO-66 regardless the conditions. 
Melamine doped UiO-66 adsorbed 3 mg NO2/g in dry conditions and 10 mg/g in moist 
conditions. On the unmodified UiO-66 73 mg NO2 /g were adsorbed in dry conditions and 40 
mg/g in the moist ones 
42
. The results suggest that the addition of melamine or urea significantly 
alters the adsorption capacity and the extent and direction of changes depend on the type of an 
amine modifier used. Thus the chemistry of urea seems to be more favorable for introducing 
beneficial surface features enhancing NO2 adsorption.  It is noteworthy that NO2 adsorption in 
most conditions is much greater than that in dry ones. This is of paramount importance in real 
life applications where moisture is always present in air.  
 
Since NO formed in NO2 surface reactions is an undesirable by-product, the percentage of NO 
released is summarized in Table 1. The percentage of NO released is smallest on the sample with 
melamine incorporated to UiO-66.  Nevertheless the NO2 breakthrough capacity on melamine 
modified UiO-66 is the lowest.  On the samples with the largest capacities the percentage of NO 








The incorporation of –NH2 groups decreases the final pH of UiO  (Table 1) in comparison with 
the unmodified samples 
42
. Especially that effect is seen for modified UiO-67 where a decrease is 
about 1 pH unit. We link it to the protonation of the amine groups. After exposure to NO2 a 
decrease in pH is dependent on the amount of NO2 adsorbed, which suggests that acidic species 
are formed on the surface. Apparently incorporating –NH2 groups into UiO-66 and UiO-67 
enhances the hydrophilicity of UiOs. The amount of water pre-adsorbed on urea modified 
samples is about 10 times greater than that on the parent MOFs 
42
. On the other hand, on the 
melamine modified samples less water is preadsorbed. An increase in hydrophilicity of the urea 
modified samples is owing to the nature of urea which introduces both, -NH2 and oxygen polar 
groups.  Melamine, on the other hand, introduces the triazine backbone which is less polar than 
the carbonyl group in urea. Apparently the hydrophilicity of the surface and water in the pore 
system have positive effects on NO2 adsorption on our materials. 
 
Since the parent UiO-66 and UiO-67 are porous and their porosity was found crucial for NO2 
reactive adsorption [31], the porous structure of the modified MOF was analyzed. The nitrogen 
adsorption isotherms and the pore size distributions for all materials before and after exposure to 
NO2 are presented in Figure 3 and Figure 4, respectively. The parameters of the porous structure 
calculated from the isotherms are listed in Table 2. The positive effect of the -NH2 modifiers on 
the porosity is seen for the urea doped samples and especially for U-UiO-67 where the surface 
increased from 1307 to 2040 m
2
/g after modifications. For U-UiO-66 a 20 % increase in the 
surface is found. The volume of micropores increased 48 % and 17 % for U-UiO-67 and U-UiO-





at ambient conditions. The porosity of the melamine modified samples decreased significantly 
compared to the parent MOF. In fact the final materials can be considered as nonporous. 
Apparently the presence of melamine during the synthesis prevents the formation of UiO porous 
network. Interestingly, even on nonporous M-UiO-67 the similar amount of NO2 was adsorbed 
in dry conditions as that on porous U-UiO-66, in spite of an order of magnitude higher surface 
area of the latter sample. This indicates that not only porosity but also surface chemistry is a very 
important factor affecting the adsorptive performance of this kind of materials.  
 
Differences in the porosity between the urea and melamine are seen not only in the volume of 
nitrogen adsorbed but also in the shape of isotherms.  The isotherm for M-UiO-67 exhibits a type 
I hysteresis loop indicating the mesoporous nature of the sample. This suggests the changes in 
the crystallinity compared to the parent UiO-67. The shapes of the isotherms for the urea 
modified UiO remain unchanged. Apparently, urea incorporated in the UiO framework does not 
affect the microporous nature of the material. 
 
The pore size distributions presented in Figure 4 show the very homogeneous structure of U-
UiO-67 with the majority of pore volume in pores smaller than 18 Å.  On the other hand, in UiO-
66 the pores are more heterogeneous in their sizes. Nevertheless, the majority of their volume is 
in pores between 8 and 10 Å (the incremental pore volume  in pores with sizes 6 -8 Å, 8-10 Å 






/g, respectively). This is consistent with the larger 
size of BDPC ligand compared to that BDC. The PSDs for the melamine modified samples 






After NO2 adsorption a significant decrease in the porosity is found, especially for U-UiO-67. 
That decrease is more pronounced in dry conditions than in moist ones, in spite of the much 
larger amount adsorbed in the latter. This trend is also true for the melamine modified samples 
and it suggests that water preadsorbed in the pore system preserves the MOF structure from 
destruction via a direct attack by NO2 molecules 
42
. Changes in the surface area and micropore 
volume after exposure to NO2 are seen in PSDs. Apparently, larger pores  > 10 Å are the most 
affected ones.  Apparently, they are the pores which can accommodate both water and NO2 
molecules. 
 
The SEM analysis indicates that there are significant differences in the morphologies of  urea 
and melamine modified samples (Figure. 5). While for the former sample the crystals resemble 
those for the parent MOFs, UiO-66 and UiO-67 
42
, for the latter one a severe alteration in the 
particle geometry is observed. In fact the particles look like the agglomerates of the amorphous 
materials.  
 
The effect of melamine and urea modification on the crystallinity of MOFs and its subsequent 
stability after exposure to NO2 was studied using X-Ray diffraction (Figure 6). Indeed, the X-
Ray diffraction patterns for the melamine modified samples do not resemble those for the parent 
UiO-66 and UiO-67 MOFs. This is a clear indication that the presence of melamine during the 
synthesis disrupted the formation of the UiO framework and resulted in the amorphous materials. 
This is supported by the SEM images and the porosity features addressed above. On the other 
hand, in the case of urea modified UiO, the crystallinity of the samples resembles those for the 





the parent UiO-66. Changes are also seen on the X-Ray diffraction patterns for U-UiO-67. The 
peak at 2θ = 10° significantly decreases in intensity and two peaks between 2θ = 10° and 13° 
change in their relative intensity. The broad peak at 2θ = 20°  for U-UiO-67 sharpens for the 




Marked changes are visible on the diffraction patterns for all U-UiO samples exposed to NO2, 
with the exception of U-UiO-66 ED. The majority of the diffraction peaks for U-UiO-67 ED 
disappears after exposure to NO2 in dry conditions indicating the loss of crystallinity. On the 
other hand, the crystallinity of U-UiO-67 EM is completely preserved. The peaks that appear on 
U-UiO-67 ED between 2θ=42° and 44° are also visible on U-UiO-67 EM, however, they are 
more intense for the latter sample. Additional peaks between 2θ=47°and 53° also appear on the 
diffraction pattern for U-UiO-67 EM.  For this sample, all diffraction peaks at lower angles 
below 2θ=10° decrease in their intensity after exposure to NO2. The same pattern is found for U-
UiO-66 after exposure to NO2 in moist conditions. Both U-UiO-67 EM and U-UiO-66 EM 
exhibit similar peaks between 2θ=43° and 53°. This can be related to the interactions of the 
ligands/ modified ligands with NO2. Additionally, the peak at 2θ=26° decreases for U-UiO-66 
EM. Such changes in the intensity of all peaks indicate strong interactions of NO2 with U-UiO-
66 in the presence of moisture, which is also reflected in its high NO2 adsorption capacity. 
Exposure to NO2 does not significantly change the X-ray diffraction patterns for the melamine 
modified UiO in either conditions. A small peak appears around 2θ=22° and can be related to the 






Owing to the expected chemistry involved in NO2 removal on MOF 
34, 42
, the formation of nitrites 
and nitrates is highly plausible. To investigate their formation thermal analysis was carried out. 
The DTG curves for the initial and exhausted samples are collected in Figure 7. Typical DTG 
curves for Zr-based MOF are found for the U-UiO series 
42
. The first peak at 100° C represents 
the removal of physisorbed water. Two peaks appear between 200-300 °C for U-UiO-66. The 
first peak is small and shows the removal of the solvent, DMF. The second peak, which is large 
and broad, is ascribed to the decomposition of urea and release of isocyanic acid 
46-48
. The large 
and intense peak between 500-600 °C represents the decomposition /collapse of the Zr-MOF 
structure, by the release of ZrO2 and the removal of the organic linker. Similar peaks are revealed 
for U-UiO-67. A minimal difference in the derivative weight loss is found in the broad peak 
between 200-300 °C. N,N dimethyl formamide (DMF), the solvent used in the synthesis 
decomposes in this ranges. Due to the similar chemistry of that of DMF and urea incorporated in 
MOF (both are carbonyl containing compounds with nitrogen groups), the two indistinctive and 
overlapping decomposition peaks correspond to these two compounds. More complex DTG 
curves are found for the M-UiO series. This complexity is related to the decomposition of the 
fragments that make the melamine structure. For M-UiO-66, a rather broad peak between 30-
210°C is designated to the removal of physisorbed water and release of NH3 from the –NH2 
fragments in melamine. The small shoulder present between 200-250°C corresponds to the 
removal of DMF. The peaks between 350-40°C and 400-450 °C are ascribed to the re-
aromatization of the triazine backbone and its final degradation 
49
. The peak around 470°C 
represents the removal of organic linkers from their  coordination with ZrO2.  It is interesting to 
note a slight overlap in the peaks corresponding to the complete degradation of the triazine 





with ZrO2. This suggests the coordination of Zr with the triazine backbone in melamine. This 
process might prevent the formation of the UiO MOF network. Moreover, the decomposition 
temperature corresponding to the collapse and destruction of this MOF is slightly shifted to a 
lower temperature range.  A similar trend is found in the thermal decomposition of M-UiO-67.  
 
After exposure to NO2 two small peaks, one at 200 °C and the other at 300 °C, are found on the 
DTG curve for U-UiO-67. They are linked to the decomposition of nitrates which might be 
formed as a result of acid base reaction of -NH2 with NO2. The most significant changes in the 
DTG curves for the exhausted U-UiO-66 are revealed in the peak at 550°C. The decrease in its 
intensity is linked to the partial destruction of framework caused by the  interactions of NO2 with 
the organic linker 
42
. In the case of M-UiO-67 the broad low temperature peaks between 100-
200°C which represent the removal of NH2 from the melamine structure in the initial samples 
disappear. This is associated with the consumption of the secondary –NH2 in surface reactions. 
Acid-base reactions between the amine groups and NO2 should lead to the formation of nitrate 
salts.  Since these species decompose between 200-300°C, the weight loss associated to this 
process overlap with that related to the melamine degradation. The peak between 350-400°C on 
the DTG curves for M-UiO-67 ED and M-UiO-67 EM is more intense in moist conditions than 
in dry conditions. This peak is attributed to the decomposition of zirconium nitrates accompanied 
by the release of nitrogen oxide and formation of crystalline zirconia 
50-53
    
 
The FT-IR spectra for the initial and exhausted samples are collected in Figure 8.  Slight changes 
are visible on the typical bands characteristic of UiO after the incorporation of urea. For U-UiO-







more intense than those of the parent UiO-66. These bands mostly represent the bending 
vibrations of C-N, C-H and C-O.  Two small bands appear after 1000 cm
-1
. The first band at 
1010 cm
-1
 is designated to the asymmetric vibration in the C-N bond. The second band at 
approximately 1190 cm
-1
 is ascribed to the asymmetric vibration of N-H in NH2 
54
.The band at 
1350 cm
-1 
is designated to the vibration of C-N in CO(NH2)2. The strong bands typical for MOF 
is present at 1400 cm
-1
 and represents the vibration of C-O bond in C-OH for carboxylic acids 
55
. 
A shoulder visible at around 1430 cm
-1 
is ascribed to the vs of C-N bond present in urea.  A weak 
band between 1400- 1550 cm
-1
 represents the vibration of the C=C in the aromatic ring of the 
BDC linker. The band at 1600  cm
-1
 is linked to the stretching vibration  of C=O in BDC linker, 
C-N and N-H in urea 
56
. The deformation vibration band for urea carbonyl (C=O) is shown 
around 1700 cm
- 1 57
. In the case of U-UiO-67 (Figure. 8 B) the main and typical bands 
representing this MOF remains unchanged after the urea incorporation. Briefly, the vibrations of 
the carboxylate group in BDPC are seen at 1290 cm
-1
 and 1430 cm
-1
, and 1600 - 1670 cm
-1
. A 
weak band around 1700 cm
-1




The spectra for the M-UiO series are complex and in the case of M-UiO-66 (Figure. 8 C). 
Several bands between 3438 and 2813 cm
-1
 are due to the asymmetric stretching vibration of –
NH2 in melamine 
58
. The strong band around 2500 cm
-1 
represents the vibrations of –C=N in the 
traizine back bone 
59
. The spiky band around 1900 cm
-1
 is attributed to the symmetric vibration 
of –NH in secondary amine and C=C-H stretching in the ligand. The small and spiky bands 
between 1700 and 2500 cm
-1
 are ascribed to the hydrogen bonding between the carbonyl group 
in the ligand and the secondary amine in melamine. The sharp band around 1400 cm
-1 
is due to 







 are related to the vibrational frequencies of =C-N stemming from the aliphatic 
part of the traizine ring. The intense band around 1100 cm
-1 
is ascribed to the vibration of C-N in 
the HN-C=N, due to the delocalization of the lone pairs on the secondary amine. Several 
complex bands are visible in the lower wavelengths of the spectra. The complex bands in the 
region between 700-1090 cm
-1
 correspond to the bending and stretching vibrations of C-N, C-O 
and C-H in the BDC ligand and C-N as in melamine. The band at 1090 cm
-1
 is due to the C-O 
stretch in the carboxylic acid. Similar bands related to the various vibrations of the functional 
groups and the aromatic backbone present in melamine are found on the spectra for M-UiO-67. 
Many bands between 1450 and 1750 cm
-1
 appear for this sample and they distinctly differ in 
their intensity from those for M-UiO-66. In addition, the sharp band representing the vibrations 
of the C=O group, is less intense.  
 
After NO2 adsorption the FTIR spectra visibly change. A new band appears at 1700 cm
-1
 for U-
UiO-66 exposed to NO2 in dry conditions. We link it to the formation of nitrates on the surface 
as a result of reactive adsorption. Moreover, the band at 1650 cm
-1
 representing the deformation 
vibration of the urea carbonyl disappears. The importance of –NH2 in urea for interactions with 
NO2 is visible in the decrease in the intensity of the band at ~ 1350 cm
-1
 for the exhausted 
samples in both moist and dry conditions. The slight shoulder located around 1450 cm
-1
 also 
decreases after exposure to NO2 in either conditions. For U-UiO-66 EM a small shoulder exists 
on the band around 1500 cm
-1
 and can be ascribed to the interactions of the secondary amine 




are also present on the spectra  for U-
UiO-67 after exposure to NO2, regardless the conditions. These bands represent the formation of 
nitrates on the MOF surface. Broadening of the band around 1550 cm
-1





the interactions of NO2 with the C-N and/or C-O functional groups present in either urea or the 
organic linker. The band at 1300 cm
-1  
also broadens after exposure to NO2.  Drastic changes are 
exhibited on the spectra of the M-UiO samples after exposure to NO2. Majority of the peaks 
corresponding to the various vibration of the functional groups and NH2 significantly decrease in 
their intensity. The most pronounced decrease in the intensity of the –NH2 vibrations indicate 
that these groups undergo chemical reactions in moist conditions. The intense band representing 
-C=N in melamine disappears from the spectra for the exhausted samples and the band 
corresponding to N-H vibration decreases in its intensity. Moreover, the band of C=C around 
1400 cm
-1 
widens and exhibits much lower intensity. The marked changes in the spectra are also 
seen in the weak bands in the fingerprint region. The formation of nitrates on this sample is 
difficult to determine, since their bands overlap with the –NH2 bands in melamine. In the case of 
M-UiO-67 after exposure to NO2 minute changes are found on the FTIR spectra owing to the 
relatively small amount adsorbed.  
  
The results discussed above suggest that the planar urea molecule does not obstruct the MOF 
synthesis. In the work of Yang and coworkers, the addition of triethyl amine  to a Mg-based 
MOF was used to increase the rate of carboxylic acid deprotonation 
60
. It is well known that 
amines are basic enough to deprotonate acids, in this a case carboxylic acid. The ability to 
deprotonate a carboxylic acid with a secondary amine is dependent on the substituent group on 
the amine. Even though the NH2 groups in urea are resonance stabilized with the carbonyl 
groups, it is expected that deprotonation of the carboxylic ligand occurs and alters the porosity of 
the materials, especially, in the case of UiO-67 where the free carboxylic ligands in BDPC are 





species might increase the complexity of the linkages affecting the porosity and chemistry of the 
modified MOF. They should also increase the samples’ hydrophilicity. In the case of UiO-66 the 
free carboxylic ligands are not present to react with urea when the linkers are used to build the 
MOF network.  On the other hand, during the synthesis the reactions with BDC acid are possible 
and urea modified linkages are formed. By binding to ZrO2 they introduce the heterogeneity to 
the pore structure and slightly increase the porosity. As in the case of U-UiO-67, they certainly 
modify the chemistry of the final material. 
 
The scenario must look differently in the case of melamine presence during the synthesis of 
MOF.  Due to its aromatic nature, and the rigid and hard to break C=N bonds in the triazine, NH2 
groups apparently do not take part in the formation of MOF network. On the other hand, the 
results suggest that they might coordinate with ZrO2 forming amorphous materials. Reaction of 
carboxylic acids with melamine also results in the precipitation of amide salts. Owing to the 
aromatic and basic nature of melamine the –NH2 groups deprotonate the COOH moieties. 
Moreover it is proposed that the amine groups can be sites of metal coordination. This 
observation is supported by the significant changes in the XRD patterns for melamine modified 
UiO. These processes prevent the formation of the MOF porous network. Additionally, the lone 
pairs present on the nitrogen in C=N that are not conjugated with the triazine backbone are 
possible sites for a metallic coordination.  
 
Nevertheless, in spite of the lack of the developed porosity, melamine incorporation in UiO 
favors retention of  NO2 when water is present in the system. Two different mechanisms can take 





the presence of water, and results in the hydroxylation of the triazine backbone by the formation 
of secondary -OH functional groups 
61, 62
. This hydrolysis reaction appears to be of paramount 
importance for NO2 reactive adsorption in moist conditions, considering its high adsorption 
capacity measured. The interactions of  NO2 with –OH certainly leads to the formation of surface 
bound nitrates. The occurrence of the hydrolysis reaction is supported by the decrease in 
intensity of the bands for –NH2 and the appearance of –OH vibration bands after exposure to 
NO2 in moist air. The formation of hydroxyl groups is furthermore supported by the significant 
decrease in the intensity of the bands representing the wagging and scissoring vibration of –NH2, 
especially for M-UiO-67 after exposure to NO2 in moist conditions. Moreover, the lone pairs of 
electrons of the nitrogen in C=N of triazine back bone can associate with the H2O molecules via 
hydrogen bonding 
63
. In addition, interactions of NO2 with the non-conjugated –NH2 branching 
from the triazine backbone in melamine occurs.  
 
A different mechanism in dry conditions results in a lower ability to retain NO2 due to the 
delocalization of the lone pairs of electrons in –NH2 in the aromatic ring. This delocalization 
decreases the strength and availability of basic active sites for NO2 interactions. The amorphous 
nature of the melamine incorporated UiO, suggests that the metallic centers of ZrO2 introduces 
active sites for reactive adsorption. These metallic centers interact with NO2 which result in the 
formation of zirconium nitrates. Given that weak solid gas interactions predominate in dry 
conditions, the release of NO during the retention process is higher in dry conditions than in 
moist conditions. The NH2 groups present in the MOF likely interact with NO molecules 
produced 
44, 64





system. In dry condition, further interactions with NO2 molecules result in the release of high 
amounts of NO.  
 
In the case of U-UiO, the hydrolysis of urea to NH3 and CO2 requires temperatures above 170 °C 
65
 so it is not likely that the evolution of CO2 occurs at room temperature. Instead, two reactions 
can take place in the presence of water, which results in different products. An equilibrium acidic 
catalyzed hydrolysis reaction leads either to the formation of a hemiacetal by the hydrolysis of 
(C=O to C–(OH)2) or the formation of ammonium carbamate 
65, 66
. The hydrolysis of urea is 
supported by the disappearance of the carbonyl band for urea after exposure in moist conditions. 
These species decrease the ability of urea to interact with NO2. Owing to the favorable amount of 
NO2 adsorbed on the urea incorporated UiO in moist conditions the effect of urea hydrolysis, 
which decreases the carbonyl reactivity does not play a major role in the NO2 removal process. 
The main and most prominent reactions occurring are the Lewis acid-base reactions. These 
reactions are facilitated by the formation of nitric acid via the dissolution of NO2 in the water 
film. Theses acidic species react with –NH2 in urea thereby forming ammonium nitrate salts. 
Water preferentially reacts with the amine functionalities.  Apparently water has shielding effect 
on the UiO units, and the destruction of the framework is less pronounced.  
 
In dry conditions, the –NH2 groups either directly react via acid-base interactions with NO2 
resulting in the formation of ammonium nitrate salts or it assists the carbonyl group to react with 
NO2 via resonance stabilization. Theoretical studies have shown the formation of nitrosamine by 
a carbonyl containing catalyzed reaction of NO2 with amines 
67-69





urea can also be site for NO2 interactions. The release of NO as a result of NO2 complex 




 In addition to the favorable effect of the incorporation of –NH2 to the structure of our materials 
whether from urea or melamine, the nitration of the benzene rings also plays a significant role in 
the process of NO2 adsorption.  
 
2.5 Conclusion  
Two different NH2 doped UiO-66 and UiO-67 based samples were synthesized with urea and 
melamine added to the components forming the specific MOFs. Aromatic ring in melamine leads 
to a mesoporous amorphous solid/salt, while planar carbamide, urea, promotes the formation of a 
crystalline microporous solid.  The results indicate the very favorable effect of urea addition to 
both UiO-66 and UiO-67.  Its presence increases the porosity and changes the chemistry of the 
final products. The surface becomes more hydrophilic and its acidity increases. The presence of 
–NH2 functional groups promotes acid base reaction with NO2 via a direct attack on NH2 which 
result in the formation of nitrate salts. The detrimental effect of the competitive adsorption of 
water on UiO MOFs is eliminated, and urea significantly enhances the adsorption capacity. 





species which interact with basic –NH2 groups in urea. A similar effect is seen on the melamine 
doped UiO  MOFs in moist conditions. The hydrolysis of the terminal secondary –NH2 creates 
oxygen rich functional groups that cause favorable interactions with NO2. NO released as a 
byproduct interacts with the amines incorporated in the MOFs. The extent of NO adsorbed after 
its release seems to be affected by the presence of water. In dry air a large quantity of NO is 
released, where as in moist conditions a lesser quantity of NO is released.  Apparently, the NO 
release/adsorption process favors the presence of amines in moist conditions than in dry 
conditions.  
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Table 1. NO2 breakthrough capacities, percentage of NO released , water affinity and pH values 
before and after exposure to NO2 in moist (EM) and dry (ED) conditions. 
Samples NO2 Capacity  
(mg/g) 
            







 Initial  Exhausted 
U-UiO-66 ED  37 32  2.74 2.24 
U-UiO-66 EM  101 25 186 2.74 2.64 
M-UiO-66 ED 3 10  2.75 2.37 
M-UiO-66 EM 10 4 6 2.75 2.49 
U-UiO-67 ED 74 28  3.88 2.79 
U-UiO-67 EM 154 20 840 3.88 2.57 
M-UiO-67 ED  41 >30  3.80 3.60 








Table  2. Parameters of the porous structure derived from the nitrogen isotherms for the samples 

















U-UiO-66 1070 0.549 0.458 83 9.66 
U-UiO-66 ED 639 0.329 0.286 87  
U-UiO-66 EM 825 0.439 0.342 77  
M-UiO-66 6 0.004 0.003 80 14.92 
M-UiO-66 ED 1 0.002 0.002 81  
M-UiO-66 EM 3 0.006 0.0007 12  
U-UiO-67 2040 0.984 0.823 84 10.67 
U-UiO-67 ED 15 0.028 0.005 18  
U-UiO-67 EM 315 0.148 0.138 93  
M-UiO-67  75 0.192 0.002 1.3 14.86 
M-UiO-67 ED 26 0.083 ----- ----  



































































































Figure 8.  
 
 
